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Foreword

ISO (the International Organization for Standardization) and IEC (the International Electrotechnical
Commission) form the specialized system for worldwide standardization. National bodies that
are members of ISO or IEC participate in the development of International Standards through
technical committees established by the respective organization to deal with particular fields of
technical activity. ISO and IEC technical committees collaborate in fields of mutual interest. Other
international organizations, governmental and non-governmental, in liaison with ISO and IEC, also
take part in the work.
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Introduction

To paraphrase Lord Kelvin, you cannot manage what you cannot measurellll, For cities to be smart,
their decisions need to be based on precisely defined and accurate metrics. For smart city information
and communication technology to be used to aid cities in making smart decisions, then the digital data
models they use need to precisely and accurately reflect what they represent of the city and how it is
measured. This document specifies a data model that can be used to represent city indicator definitions.
The data model is defined using the Semantic Web OWL 2 Web Ontology Language (OWL). Figure 1
depicts two intended uses of this document.

Indicator

Indicator

Definition City Data

City,Data
i OWL

Definition
in OWL

in OWL in OWL

v

Indicator Independent
Calculation Application

v

Indicaterindependent
Trans¥ersal/Longitudinal
Diaghosis Application

A4 \4

Portion of Indicator Definition
that is the source of
Significant Change

Indicator Value

a) Definition-based Calculation b) Definition-based Diagnosig
of Indicator from Base Data of Indicator-based City Performance

Figure 1 — Possible uses of this document

Figure 1 a) depicts the indicator definition being used to automate the computation of an|indicator
value. In this case, an_indicator definition plus city data is input into the indicator independent
cjlculation applicationjwhich uses the definition to select subsets of city data, to compute thelindicator.
This approach makes-it possible to create an indicator calculation application that is not programmed
for a specific set-0findicators. Figure 1 b) depicts a diagnosis system that uses the definifion of an
inflicator as a¢basis for determining the root cause of transversal or longitudinal deviatipns in an
inflicator’s value over place or time. A diagnosis system must understand what data was selgcted and
hdw it was.eembined in order to determine the sources of change. In the remainder of this Intrjoduction,
the motivation for and the purpose of this document are elaborated.

Cities’ are moving towards policy-making based on datal33l. Yet it has been recognized ppy urban
researchers, city professionals and political leaders that city level data is both incomplete and
inconsistent. In 2007, it was recognized that “there are thousands of different sets of city (or urban)
indicators and hundreds of agencies compiling and reviewing them. Most cities already have some
degree of performance measurement in place. However, these indicators are usually not standardized,
consistent or comparable (over time or across cities), nor do they have sufficient endorsement to be
used as ongoing benchmarks.”[27]

In response, ISO 37120 was developed to provide a set of indicators, across 17 themes, to measure city
performance. These indicators spanned areas such as education, finance, shelter, transportation and
environment.

Indicator definitions are people oriented; they are provided in natural language, e.g., English, and not
in a more formal, possibly computer readable language. The reader of the definition imposes their own

© ISO/IEC 2020 - All rights reserved v
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interpretation of the definition based on their understanding of the language and the environment in
which they live (e.g., how their own city may define some terms).

Consider the definition of a student/teacher ratio as provided in Reference [21]: “Student/teacher ratio”.
This has been expanded[34] to: “Student/teacher ratio”, where the numerator is “Number of Students”,
and the denominator is “Number of Teachers”. One problem is whether “student” refers to full time
students, or part time students. Are they regular students or special needs students? Do they include
kindergarten students or not? It is also difficult to compare an indicator for a single city across time if
the definition of student changes. For example, today the educational system includes students with
special needs, but 30 years ago they may not have been enrolled. Without a more precise definition
of terms, It makes It diIficult to compare an Indicator across CItles where each city Interprets what a
student i§ differently, or against itself where definitions change.

Obviously, the definition and documentation of indicators can be expanded, as has been \done |in
1SO 37120:2018, 6.4.2.

The definfition of student/teacher ratio clearly addresses some of the issues raised abéve. Neverthelefs,
there is dglways a disconnect between the actual value of a city’s indicator and thejdata sources ahd
processe§ used to measure it; while the indicator’s value is recorded in a mdchine-readable form
(e.g., datgbase or semantic web), the sources and measurement processes are)buried in datasets apd
documents that are inaccessible or only human readable. In the end, all thatisleft is a record of indicafjor
values without an understanding of what they actually measure and how-they were measured.

The purpose of this document is to support the precise and unambjiguous specification of indicator
definitions using the technology of ontologies[241[23] as implemerited in the semantic Webl[13l, By
doing so, [it:

— enables the computer representation of precise defiditions thereby reducing the ambiguity |of
interpretation;

— takedindicators out of the realm of humans andiifito the realm of computers where the world of big
data,|open source software, mobile apps, etc.,can be applied to analyze and interpret the data;

— achigves semantic interoperability, namely,the ability to access, understand, merge and use indicator
data pvailable from datasets spread across the semantic web;

— enables the publishing of indicator definitions, indicator values and their supporting data usipg
semalntic Web and ontology standards;

— enables the development ¢f indicator independent indicator calculation applications; and

— enables the automated-detection of indicator data inconsistency, and the root causes of variation|s.

Without 4 clear semantics for indicator definitions, it is not possible to perform consistency analydis.
Without determining consistency, the ability to validate any comparisons based on indicators is lacking.

In this dpcument, the indicator upper level ontology (IULO) is introduced. The IULO provides the
concepts e
Clause 6} v 5 , 5 } on,
finance, shelter, etc.

The IULO has been devised to communicate the meaning of data. It does not attempt to provide concepts
to describe the metadata of indicators, for example, validity and provenance of data.

The IULO does not replace existing data models where they exist, but by mapping from a local model to
the IULO, semantic interoperability of data can be achieved.

TheIULO hasbeen devised to represent any aggregate level of indicator, whether itis for neighbourhoods,
villages, cities, states/provinces and/or countries.

The IULO has been devised to represent any indicator, and is not restricted to indicator standards, such
as ISO 37120, which is normative to this document.
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This document is aimed at organizations that define indicators, the information and communications
technology (ICT) organizations that provide services to cities, states and countries, and manage the
resulting data, as well as ICT and open data developers.

This document is based on work developed in the Enterprise Integration Laboratory of the University
of Toronto[18][20][21],
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Information technology — Upper level ontology for smart
city indicators

1

Scope

Tt
(1Y
de

2
T}

isdocumentestablishes generat principies and gives guideines foram imdicator upper teve
JL.O) for smart cities that enables the representation of indicator definitions and therdat]
rive them. It includes:

concepts (e.g., indicator, population, cardinality); and

properties that relate concepts (e.g., cardinality_of, parameter_of_var).

Normative references

e following documents are referred to in the text in such a way that some or all of thei

ontology
A used to

r content

copnstitutes requirements of this document. For dated referencés, only the edition cited applies. For

ur
IS

HT
TH

IS
IS

3

dated references, the latest edition of the referenced documefits (including any amendment
D 37120:2018, Sustainable development of communities.‘Indicators for city services and qua

ime Ontology in OWL, W3C Recommendation 19 October 2017". Accessed at https://ww

5) applies.
ity of life

v.w3.org/

 /owl-time/
D 4217, Codes for the representation of currengies

D 80000 (all parts), Quantities and units

Terms and definitions

Far the purposes of this docuthent, the terms and definitions given in ISO 37120 and the follow

IS

3.

D and IEC maintain terminological databases for use in standardization at the following add

ISO Online browsing platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www.electropedia.org/

L

cardinality

ny

mbervof elements in a set

ing apply.

resses:

[S

description logic
DL

family of formal knowledge representation languages that are more expressive than propositional logic
but less expressive than first-order logic
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manchester syntax
user-friendly compact syntax for OWL 2 ontologies

Note 1 to entry: The syntax is frame-based (as opposed to the axiom-based other syntaxes for OWL 2) where
a collection of information about a class or property is given in one large syntactic construct, instead of being
divided into a number of atomic chunks [as in most description logics (3.2)] or even being divided into even more

triples (as

[SOURCE:

when writing OWL as RDF graphs [RDF Concepts]).

https://www.w3.org/TR/owl2-manchester-syntax/]

3.4
measur

value of the measurement (via the numerical_value property) which is linked to the both Quantity a

Unit_of_

3.5
namesp3d
collection

easure

ce
of names, identified by a URI reference, that are used in XML documents‘as element nam

and attrilpute names

3.6

ontology
formal re
definitior
interrelat

[SOURCE

3.7
OWL2 W
ontology

Note 1 to
Semantic \

[SOURCE

3.8
semantic
W3C’s vig

Note 1 to
and write

[SOURCE

3.9
unit_of _n

presentation of phenomena of a universe of discourse with anaunderlying vocabulary includi
s and axioms that make the intended meaning explicit~and describe phenomena and th
ionships

[SO 19101-1:2014, 4.1.26]

eb Ontology Language
anguage for the semantic Web (3.8) with fermally defined meaning

entry: OWL 2 ontologies provide classes, properties, individuals, and data values and are stored
Web documents.

https://www.w3.org/TR/owl2:overview/]

Web
ion of the Web of linked data

entry: SemanticWeb technologies enable people to create data stores on the Web, build vocabulari
rules for handling data.

https:/Avww.w3.org/standards/semanticweb/]

neasure

€S

ng
pir

as

Es,

definite

4 Sym

OWL
RDF

dgnitude ol a qudntity, defined and ddopted Dy convention and/or by law

bols and abbreviated terms

Ontology Web Language

Resource Description Framework

In the figures, arrows with a closed arrowhead denote the “rdfs:subClassOf” relation. Arrows
with an open arrowhead denote an attribute relation and have the name of the attribute attached.

“,n

Where a prefix (denoted by a “:”) appears in front of a class or attribute name, the prefix denotes the

2
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namespace, the class or attribute originate. Colours of classes (boxes) in the diagrams are used to
enhance readability, to distinguish the namespaces from which they originate. They correspond to the
namespaces that concepts and properties are drawn from. Each namespace prefix is included in the
boxes and redundant with the colour. A subset of concepts is incorporated into this document as OM
is not a standard, enhance not normative. Classes and attributes without a prefix are defined in this
document.

The following namespace prefixes are used in this document:

ex: signifies an example for which an IRI does not exist

5

In
is

gcie: http://ontology.eil.utoronto.ca/GCI/Education/GCI-Education.owl#

geo: http://www.geonames.org/

gis: http://www.opengis.net/ont/geosparql#

om: http://www.wurvoc.org/vocabularies/om-1.8/

time: http://www.w3.org/2006/time#

owl: http://www.w3.org/2002/07/owl#

rdf: http://www.w3.0rg/1999/02/22-rdf-syntax-ns#

rdfs: http://www.w3.org/2000/01/rdf-schema#

sc: http://schema.org/

xsd: http://www.w3.org/2001/XMLSchema#

Basic indicator ontology pattern

Hicator definitions conform to a basi¢c.onhtology pattern. Figure 2 depicts the pattern (only
shown). For example, an ISO 37120-indicator (usually) has associated a unit of measure {|

a portion
hat is the

rafio of two populations, the year‘itwas measured, and the city it is for. It is composed of a numerator

an
pa
sp
an
ar

d a denominator which aretboth quantities. Each is a quantity that is a measure of the

size of a

ecific property such as(age.) The population members are defined, in this example, by ano
d city. Concept namesywithout prefixes are defined in this document. Concept names wit
e imported into thisdocument. The prefix "time" refers to OWL-Time, and "sc" to Schema.of

her class
prefixes

g.

pulation. (Cardinality capbe replaced with other measures of a population, such as the Eean of a
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_D rdfs:subClassOf time:
om:Quantity DateTime
——> "an object property" Interval
Population_ unit_of_measure 1S037120 for_time_ Vear
ratio_unit Indicator interval
for| city
Cardinality Cardinality
\
cardinglity_of cardinality_of
~\ J

N\
Population P@I%on
located_in
Y ()Q

NN\
definpd_by 3 defingd_by

N

owl:Thing owl:Thing

Figure 2 —Indicator ontology pattern

The follojwing clauses describe and:-define the classes and properties for representing indicator
definitior]s. Formal specifications‘are provided in the OWL 2 Web Ontology Languagel8l9] using a
subset of the manchester syntax.

6 Timp

6.1 General

Indicator|data inna smart city need to be understood in the context of the time at which the data wdre
generated and/or published. It is important to understand not just at what time something occurred,
but whethersomething occurred before, after or dUring SOME Other eVent. 10 anSwWer These questions,
a much richer understanding of time that supports reasoning about time points, time intervals and the
relationships among them is needed. In summary, the time ontology needs to be able to support the
answering of questions such as:

— At what time did some event or measurement occur?
— What was the duration of the event?
— Did the event occur before, after or during some other event?

Many time ontologies have been developed. "Time Ontology in OWL W3C Recommendation 19
October 2017" shall be used in the context of this document.
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Fundamental to any conceptual model is the time at which things occur. For example, questions can
arise regarding the temporal relationship among measurements, i.e. not just at what time something
was measured, but whether it was measured before, after or during some event. For example, was
“Total Employment” of New Orleans determined before or after Hurricane Katrina? Or did Katrina take
place during the interval that the indicator was determined? To answer these questions, a notion of
time that supports reasoning about time points, time intervals and the relationships amongst them is
needed. The following summarizes a subset of classes and relationships in OWL-Time.

Th

f

@)

N(

Fi
in
te

€IE are thTee top tevet Tiasses:

[emporalEntity has 3 sub-classes:

FemporalEntity has a beginning Instant, an-ending Instant and a duration, which are denoft
lowing properties:

TE Propertiesin RDF are uni-directional, linking a subject to an object. The domain of a propert
what the subject-can’be, and the range restricts what the object can be.

hally, there)is a set of properties that relate ProperInterval’s, including intervalOverlaps, inte
fervalGontains, etc. Since both OWL-Time and ISO 19108 are based on Allen’s tempora
mparal relation in OWL-Time has an equivalent in ISO 19108IZl,

TemporalEntity: it specifies the two types of time: Instant and Interval.

DateTimeDescription: a specification of a date and time using a year, month,day, hour,
properties.

DurationDescription: a class that specifies a duration as any combination of years, we
hours, minutes, and seconds. Equivalent to ISO 19108 ‘TM_PeriodDuration’.

Instant: it represents a point in time. Equivalent to ISO 19108<TM _Instant’.

Interval: it represents a period of time with a beginning and an end. Equivalent to ISO 19
Period’. If a DurationDescription is provided, then the difference between the beginning g
the Interval should be equal to the DurationDescription.

Properlnterval: it is an Interval where the beginhing time is less than the end time.

hasBeginning: links a TemporalEntity (domain) to an Instant (range) where the latter de
beginning of the TemporalEntity. Equivalent to ISO 19108 ‘Beginning’.

hasEnd: links a TemporalEntity (domain) to an Instant (range) where the latter denotes 1
the TemporalEntity. Equivalent to ISO 19108 ‘Ending’.

hasDurationDescription: links a TemporalEntity (domain) to an Interval (range) where
denotes the duration of the DurationDescription.

ete. set of

bks, days,

108 ‘“TM_

nd end of

ed by the

notes the

he end of

the latter

y restricts

rvalAfter,
[12], each

6.3 Graphical depiction

The directed graph in Figure 3 depicts the core classes that comprise OWL-Time.
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time:Temporal time:DateTime time:Temporal
Entity Description Duration

rdfs:subConceptOf

time:General
time:Instant time:Interval Duration

Description
rdfs.subeceptOf
time:Proper time:D i
Interval De ion
time:DateTime
Interval

v

Figure 3 — Time concepts

Figure 4 dlepicts the relationships that TemporalEntity has with the other classes.

NN
o .
time:
TemporalEntity

tifhe:hasknd timeNqasDurationDescription

time:General
time:Instant Duration
Description

Figure 4 — TemporalEntity relationships

7 Quantities and units of measure

7.1 General

The representation of measurement concepts is based on the OM measurement ontology3ll. The
purpose of a measurement ontology is to provide the underlying semantics of a number, such as
what is being measured and the unit of measurement. The importance of grounding an indicator in a
measurement ontology is to assure that the numbers are comparable, not that they are measuring the

6 © ISO/IEC 2020 - All rights reserved
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same thing, but the actual measures are of the same type, e.g., the counts of the student and teacher
populations, that comprise the ratio of student and teacher population sizes, are of the same scale,
for example, thousands vs millions. In the diagrams within this clause, classes and properties drawn
from the OM ontology are prefixed with "om". The prefix is removed in the formal specification as the
identified subset of OM classes and properties are incorporated in the document.

7.2 Core classes and properties

The top row of Figure 5 depicts the basic classes of the measurement ontology. There are three main
classes:

— a Quantity that denotes what is being measured, e.g., diameter of a ball, and links(to tIhe actual
thing being measured via the phenomenon property, and the amount of the quantity’via|the value
property that links to a Measure;

— a Unit_of_measure, which is used as a standard for measurement of the sathe-quantity, where any
other value of the quantity can be expressed as a simple multiple of the unit of measure. Foifexample,
length is a quantity; the metre is a unit of length that represents a definite predetermingd length.
When we say 10 metre (or 10 m), we actually mean 10 times the definite predetermined length
called ‘metre’."[31]

—{ a Measure that denotes the value of the measurement (via thexnumerical_value property) which is
linked to the both Quantity and Unit_of _measure.

Far example, Student Teacher Ratio is a subclass of Qudntity that has a value that is a sybclass of
Measure whose units are a ‘population ratio unit’ that«s*an instance of Unit_of _measure. Tlhe actual
value measured is a property of the Measure subclass, ‘Student teacher ratio measure’.

—D rdfstsubClassOf

—>> (\lan object property"
—D> rdf:type
Nd

\ om:unit_of_measure

v

om:unit_ om:Unit_of_
numerical_ of_measure measure
value:

om:Measure

N
O om:value
om:Quargp
K%)

om:value

om:unit_ population_

Of_measure ratio_unit

i

om:unit_of_measure

Figure 5 — Basic measurement classes

The concept of a Quantity is common across many standards. The ISO/IEC Guide 99:2007 defines a
quantity as a “property of a phenomenon, body, or substance, where the property has a magnitude that
can be expressed as a number and a reference”. W3C defines a Quantity in www.w3.org/2007/ont/unit
as a “(scalar) physical quantity or dimensionless number”. QUDT (http://qudt.org/schema/quantity)

defines a Quantity to be “the measurement of an observable property of a particular object, event, or

© ISO/IEC 2020 - All rights reserved 7
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physical system.” The definition of Quantity adopted in this document is the OM version defined above
(see Reference [31]).

Unit_of_measure is divided into three subclasses (Figure 6):

— Singular_unit, such as a metre;

— Unit_multiple_or_submultiple, defines multiples or submultiples of a Singular_unit. For example, if
the singular unit is a metre, then a kilometre would be a multiple, and a centimetre would be a
ultiple, there are other possible multiples and submultiples. A Unit_multiple_or_submultiple

subm
links

— Compound_unit denotes a combination of Unit_of measure’s. For example, speed would:be
instapce of a Unit_division where singular (e.g., metre) or multiple unit (e.g., kilometre) &ould

divid

Defining
whether {
cardinal
point can

d by time (e.g., hour).
om:Unit_of _
measure
1
om:multiple_ om:Singular_ om:eompou@
or_submultiple unit unig\o\

om:singular_unit

om:Uni \O
mulg.%&n

4

om:tern:‘i’

rd

be‘defined (Figure 7).

om:term_2

Y

om:Unit_
division

om:numerator

¥

Figure 6 — Unit of measure taxonomy

om:denominator

Y

h unit of measure not only requires the specification of whether it is singular or compound, i
he scalefof the unit is nominal, ordinal, interval or ratio. The latter two scales are also call
bcales. A1l example of a scale is the Celsius scale, a temperature scale. For ratio scales, a zdro

hn
be

ut
ed

NOTE

Rafio dafa on the ratio scale has measurable intervals. For example, the difference between a length
of ten metres and nine metres is the same as the interval between two metres and three metres. Ratio scale
scales have a meaningful zero whereas interval scales do not. The zero in a ratio scale means that something
doesn’t exist. For example, the zero in the Kelvin temperature scale means that heat does not exist.
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.3 Formal specification

Figure 7 — Measurement scale taxon

om:Point
scale
om:Nominal_ om:Ordinal_ om:Cardinal_ om:Fixed_
scale scale scale point
om:singular_unit ('1/
. . (lfle zet
om:Interval_ om:Ratio_ °m-zef°—e'9me”t‘ &L . eP-
>
poin
scale scale (L\ om:numerical_valpe: 0

\<</C)

S
\
Os\
<<

dble 1 formally defines each of the classes of the measure@&t portion of this document.

»

Table 1 — Measué%)ent Classes

Qpantity value ) exactly 1 Measure
unit_of meaﬁ% exactly 1 Unit_of_measure
phenomqun exactly 1 owl:Thing
Meeasure unltfdQMeasure exactly 1 Unit_of_measure
numerlcal _value exactly 1 xsd:string
Upit_of_measure r{wﬁfs.subClassOf owl:Thing

Singular_unit

~Irdfs:subClassOf

Unit_of measure

o=

rdfs:subClassOf

Unit_of_measure

hit_multiple_or_ subwle

prefix

exactly 1 Prefix

singular_unit

exactly 1 Singular_unit

&
=

symbol

min 1 xsd:String

mpou@‘it

(@)

rdfs:subClassOf

Unit_of measure

o)

rdfs:subClassOf

Compound_unit

1it&wt)1plication
o,

term_1 exatly 1 Unit_of_measure
term_2 exactly 1 Unit_of_measure
Unit_division rdfs:subClassOf Compound_unit
numerator exactly 1 Unit_of_measure
denominator exactly 1Unit_of_measure

Measurement_scale

rdfs:subClassOf

rdfs:Class

Nominal_scale

rdfs:subClassOf

Measurement_scale

Ordinal_scale

rdfs:subClassOf

Measurement_scale

Cardinal_scale

rdfs:subClassOf

Measurement_scale

Interval_scale

rdfs:subClassOf

Cardinal_scale
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Table 1 (continued)

Class

Property

Value Restriction

Ratio_scale

rdfs:subClassOf

Cardinal_scale

zero_element

exactly 1 Fixed_zero_point

Fixed_zero_point

rdfs:subClassOf

Fixed_point

numerical_value

value “0”

Fixed_point

rdfs:subClassOf

Point

Point

rdfs:comment

“A pointis an element of an interval scale or a ratio

(OM, see Reference [31]).

scale, for example, 273,16 on the Kelvin scale indicatgs
the triple point of water thermodynamic temperaturg.

8 Indigcator quantities and units of measure

8.1 Core classes and properties

An indicdtor is a quantity that is a ratio of a numerator and a denominator that are also quantiti
It has a cJty and time period associated with it. The numerator and deneminator quantities can ha
different units of measure. One example of a unit of measure is the size‘of a population. A populatio
cardinality_unit is defined to be an individual of a Cardinality_unit that is a subclass of a Singular_un

Figure 8 dlepicts the specification of the Cardinality_unit.

>

om:Ratio_scale

$\\)‘
@ om:Unit_of_
measure

om:Singular
_unit

T

i5021972:

om:unit_of

Cardinality
_unit

measure

Figure 8 — Cardinality_unit definition

ES.
Ve
n

it.

In Figure 9, population_cardinality_unit is depicted to be an instance of Cardinality_unit, which is the
unit of measure for the cardinality of a set defined by a Population (defined in the next clause), and is
associated with the symbol “pc”. For example, 1 100 pc represents a population cardinality (or size)
of 1 100. This document takes advantage of prefix notations to scale the numbers by defining units
of measures: kilopc, megapc and gigapc, which are multiples of population_cardinality_unit. 1,1 kilopc

represents 1 100 pc.

10
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. —|> dfs:subClassOf
om:Unit_of_ rdfsisubClassO
Cas e —>>  "an object property"
1
N
om:Singular om:Unit_
_ multiple_or_
unit submultiple
VAN AN
Lr f
om:Ratio_ om:unit_of Cardinality_
scale measure unit
population_
cardinality_unit
symbol: pc
om:singflilar_unit
kilopc megapg Q) gigapc
prefix: kilo prefix: r@ prefix: giga
a\

Figure 9 —Population_cardinality_unit definition

numerator, whose range is restricted to being a population_cardinality_unit;

denominatoy;whose range is restricted to being a population_cardinality_unit.

puré 10 depicts the definition of the population_ratio_unit.

ith the above defined, it ispassible to introduce the unit of measure for measuring a population ratio.
pulation_ratio_unit is defined to be an instance of Unit_division. It has two properties:

other words;a population ratio is the ratio of two population cardinalities (i.e., number of hembers/
pments ifneach population).
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12

. _| > owl:subClassOf
Unit_of_
measure —>>  "an object property"
<1
—>> "aninstance of"
Singular_ Unit_
unit Division
T %
. unit_of
Ratio_ measure Cardinality_ population_
scale unit ratio_unit
numerator
nominator
population_
cardinality_unit
symbol: pc
singulfr_unit
S
kilopc megapc gigapc

prefix: kilo

prefix: mega

prefix: giga

Figure 10= (1 of 3)
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_D rdfs:subClassOf

——>  "anobject property"

—D> rdf:type

om:Unit_
Division

om:unit_of_
om:Ratio_ measure Cardinality_

scale unit

population_
cardinality_unit
symbol: pc

om:singlilar_unit

N
RN

kilopc m c
prefix: kilo pre\@: mega

3

ratio

O,

N7
populatioﬂ(q/’
N

:denominator

\N_/

gigapc
prefix: giga

Figure 10 — (2 of 3)
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om:Unit_of
measure

<1

_D rdfs:subClassOf

—

"an object property"

N

prefix: kilo

om:Singular_ om:Unit_
unit Division
om:unit_of
om:Ratio_ measure Cardinality_ population_ /\
scale unit ratio_unit '\Q
.
om:numerator
\\
:denomindtoh
~\_J
population_
cardinality_unit
symbol: pc
om:singfilar_unit
kilopc gigapc

prefix: giga

megapc
prefix: meﬁa\®$> (

Figure 10 — Population_ratio_unit definition (3 of 3)

The abovg provides the unit of measifires for populations (pc) and population ratios (pc/pc).

8.2 Formal specification

Table 2 specifies an indicater.

Table 2 — Indicator Classes

Class @v Property Value

Indicator rdfs:subClassOf Quantity
nnif_nF_mnacnra nvat‘fly 1 Hnir_nF_mnacnrn
value exactly 1 Measure
for_city exactly 1 City
for_time_interval exactly 1 DateTImelnterval

Ratiolndicator rdfs:subClassOf Indicator
unit_of_measure exactly 1 Unit_division
numerator exactly 1 Quantity
denominator exactly 1 Quantity

City rdfs:subClassOf sc:City

The specifications for population cardinality are given in Table 3.

14
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Table 3 — Cardinality and Monetary Classes

Class

Property

Value

Cardinality_unit

rdfs:subClassOf

Singular_unit

inverse unit_of_measure

exactly 1 Cardinality_scale

Cardinality_scale

rdfs:subClassOf

Ratio_scale

zero_element

value fixed_zero_cardinality

fixed_zero_cardinality

rdf:type

Fixed_zero_point

numerical value

0

population_cardinality_unit

rdf:type

Cardinality_unit

symbol

“« ”

pc

Monetary_unit

rdfs:subClassOf

Singular_unit

With the definition of a population_cardinality_unit, the different types of singtlar units of measures
arld the compound units of measures upon which they are based on are specified in Table 4. The names
oflindividuals of Monetary_unit shall adopt the codes for currencies in a¢ecordance with I1SO|4217. For

Unit_multiple_or_submultiple individuals prefix names, the ISO 80000 series shall be used.

Table 4 — Unit Individals

populationeardinality units)

Individual Property ytﬁﬁe

d¢cibel rdf:type Singular_unit

interruption rdf:type Singular_unit

og¢currence rdf:type Singular_unit

gam rdf:type Singular_unit

mficrogram rdf:type Unit_multiple_or_submultiple
prefix micro
singulan unit gram

hour rdf:type Singular_unit

whtt rdfitype Singular_unit

ydar rdf:type Singular_unit

mfinute_time rdf:type Singular_unit

square metre rdf:type Unit_exponentiation
exponent 2
base metre

kilopc rdf:type Unit_multiple_or_submultiple

(represents 1000 pc - prefix kilo

singular_unit

population_cardinality_unit

population cardinality units)

symbol “kilopc”
megapc rdf:type Unit_multiple_or_submultiple
(represents 1 000 000 pc - prefix mega

singular_unit

population_cardinality_unit

population cardinality units)

symbol “megapc”
gigapc rdf:type Unit_multiple_or_submultiple
(represents 109 pc - prefix giga

singular_unit

population_cardinality_unit

symbol

ugigapcn
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Table 4 (continued)

Individual

Property

Value

hecto_kilo_pc
(represents 100 000 pc -
population cardinality units)

rdf:type

Unit_multiple_or_submultiple

singular_unit

population_cardinality_unit

prefix hecto_kilo
symbol “hecto_kilo_pc”
hecto_kilo rdf:type SI_prefix
(represents 100 000)
usD rdf:type Monetary_unit
EUR rdf:type Monetary_unit

With the| basic units defined, units of measure are defined in Table 5 for the varieus types

indicator]ratios.

Table 5 — Indicator ratio units of measures

of

Individugl Property Value (™ AN
hour_per finterruption rdf:type Unit_division

numerator houn

denominator interruption
interruptfon_per_year rdf:type Unit_division

numerator interruption

denominator year
kwh_per_kquare_metre rdf:type Unit_division

numerator kilowatt_hour

denominatogr square_metre
kwh_per_pc rdf:type Unit_division

numerator kilowatt_hour

denominator population_cardinality_unit
kwh_per Jyear rdf:itype Unit_division

numerator kilowatt_hour

denominator year
microgram_per_cubic_metre rdf:type Unit_division

numerator microgram

denominator cubic_metre
minute-tijne_per_osccurrence rdf:type Unit_division

numerator minute-time

denominator occurrence
occurrence_per_hecto_kilo_pc rdf:type Unit_division

numerator occurrence

denominator hector_kilo_pc
pc_per_hecto_kilo_pc rdf:type Unit_division

numerator population_cardinality_unit

denominator hector_kilo_pc
population_ratio_unit rdf:type Unit_division

numerator population_cardinality_unit

denominator population_cardinality_unit

16
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1 General

2020(E)

An example of an indicator is student/teacher ratio (STR), which is based on a measure of the number
of students and teachers within a population designated by a city. Both can be viewed as a statistical
measurement in the sense that there is a population to be measured, namely a city population, and the
number of members is counted that satisfy a description of a student and a teacher, respectively. While
the STR requires a count of the population, other measures would require statistical measures of mean,

d

viation etc ofother characteristics of the pnpn]:\finn

T}
St
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ere exist vocabularies/ontologies for the representation and publishing of statistical.datd
htistical Data and Metadata eXchange system(SDMX)[14] uses the Resource Description Fif
DF)[16] triples to represent the observations that comprise the dataset. Its reppésentatior
mapping from a ‘ComponentProperty’ to a Class, thereby enabling a semafti¢ interpr¢
e property. Reference [30] defines a vocabulary for publishing census data. Their core ¢
servation that is linked to a dataset, geocode and value. The RDF Data Cube Vocabulary[13]
RDF representation for representing datasets. It provides terms for.Specifying the dimg
lataset, what is being measured and its units of measure, and individual observations. If

Dyblin Core terms[lZ] for specifying meta-data for a dataset.

sets. The
amework
includes
ptation of
ass is an
provides
nsions of
uses the

different approach to a statistics ontology is the GovStat ontdlogy[22]. GovStat provides t

basured. A ‘Population’ is linked to a ‘Parameter’ (e.g., meanystandard deviation) by the ‘is_
" property. The GovStat ontology was selected as the basis for the Statistics ontology defi
cument.

.2 Core concepts and properties

igure 11 depicts a subset of the classes and ‘properties of the GovStat ontology incorporat

pult 1.1

cument. The core class is the Populatiefto be measured. A Population is linked to a param
ban, standard deviation, cardinality)-by the is_described_by property, and the parameter is g
Parameter. Depending on the subtlass of Parameter, there is a reverse link back to the Popu

Cardinality parameter links back to the Population using cardinality_of.
Sum parameter links baek using the sum_of property.
Mean parameterdinks back using the mean_of property.

rameter links-via’ the parameter_of var property to a Variable which specifies the vari
operty thatds-to be summed, averaged, etc. across the members of the Population. Varidg
ta property’has_Name that specifies the variable/property over which the parameter is de1
ecified as\a string since a property cannot be a value of another property in Protégé’s versid
b, notfull DL).

In

e classes

d properties for representing basic statistical concepts,~The core class is the ‘Population’ to be

scribed_
d in this

pd in this
eter (e.g.,
sub class
lation.

able/data
ble has a
ived. Itis
n of OWL

statistics, it is almost always the case that only a portion of the population is measured. Th

s portion

is represented by the class Sample, and the parameter being measured is represented as a subclass
of Statistic. Finally, the variable for which the parameter is being measured is defined by the class
Observation which statistic links to via the property is_composed_of, and the actual variable which is
a subclass of Variable is linked to Observation via the property is_a_characteristic_of.
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is_
described_by

Population Parameter
is_paft_of is_an_egdtimate_of
is_
described_by
Sample Statistic

is_comppsed_of

S | Sample_
Observation ample_ standard
mean L
deviation
is_p_
charactefistic_of
DV

Variable

parameter_oflvar
N\

_[> rdfs:subClassOf

—> "an object property"

Figure 11 —'Statistics ontology

9.3 Formal specification

Table 6 d¢fines the basic statistics.classes. The prefix “geo” refers to the Geonames namespace.

Table 6 — Statistics classes

Class 0\0 Property Value

Population defined_by only owl:Thing
located_in exactly 1 Feature
for_time_interval only DateTimelnterval
is_described_by only Parameter

Feature TdIs:subClassOT geo:Feature
rdfs:subClassOf gis:Polygon

Parameter rdfs:subClassOf Quantity
parameter_of var exactly 1 Variable

Variable is_characteristic_of only Observation
has_Name max 1 xsd:string

Sample is_part_of exactly 1 Population
is_composed_of only Observation
is_described_by only Statistic
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Table 6 (continued)
Class Property Value
Observation rdfs:subClassOf owl:Thing
member_of only Population
has_characteristic exactly 1 Variable

Statistic is_estimate_of exactly 1 Parameter

Sample_mean rdfs:subClassOf Statistic

Sample_standard_deviation rdfs:subClassOf Statistic
Although properties are introduced as part of the concept definitions, Table 7 lists them sepatately.

Table 7 — Statistics properties

Property Domain Range ﬂ',\J

is| a_characteristic_of Variable Obseryvation

has_characteristic Observation Variable

is| an_estimate_of Statistic Parameter

is| composed_of (Sample or Population) Observation

is| described_by Population or Sample Parameter or Statistic

is| part_of Sample Population

pframeter_of_var Parameter Variable

member_of Observation Population

10 Populations

10.1 General

Measuring parameters of populatienslies at the heart of city indicators. Populations do not refer only
to|people, but in a statistical senseto a finite collection of “things” under consideration. For ¢ducation

inflicators, the populations include students and teachers. For environment indicators, the po
influde sensor readings takenat different points in time. For fire and safety indicators, the po
influde emergency call events. The following deconstructs the semantics of populations s¢

ddfinition of an indicatorland its supporting data can be precisely modelled.

10.2 Core concepts and properties

10.2.1 Membership extent

The fitst question is what defines the members of a population? Consider the population of]

ThedSO 37120:2018 definition states:

pulations
pulations
that the

teachers.

“The number of classroom teachers and other instructional staff (e.g. teachers’ aides, guidance
counselors) shall not include administrators or other non-teaching staff. Kindergarten or pre-
school teachers and staff shall not be included.”

This definition assumes that the reader understands the terms teacher, classroom, instructional
staff, guidance counselors, etc. In other words, it assumes that the reader has a “common sense”
understanding of the domain of education. Hence, to model this population, the concept of Population
has to be linked to the concepts contained in an education ontology (or at least the portions of the
education domain relevant to the ISO 37120 Education theme) that define its members.
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To accommodate the definition of a Population’s member, the following property depicted in Figure 12
is added:

— defined_by: this property links a Population to a class that defines the necessary and/or sufficient
conditions to be a member of the population.

Population

defingd_by ’(]/

owl:Thing

Figure 12 — Population member definjtion

the gcie:Jtudent class using defined_by. The definition of gcie:Student then has to be rich enough, [as
specified|by the ISO 37120 Education theme, to determine>membership in the Population. Figure [13
shows a [portion of the numerator of the indicator pa«t‘@n (Figure 2) specialized for the Studgnt
populatiEn. The Student population is defined_by the gc@:Student class. The Description Logic definitipn

Continuing the education example, to define a population of s‘g§g)ts, the Population class is linked|to

of the Stydent class provides the necessary and s ﬁgcient conditions for membership in the Studgnt
populatidn. For example, one of those conditionsé? hat it has a has_enrollment property linking to pn
Enrollmept class. Clause 11 provides a detail%&e inition of the gcie:Student class.

cardinality_of

gcie:Student

gcie:has_Enrollment

gcie:Enrollment

Figure 13 — Numerator of student/teacher ratio
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10.2.2 Spatial extent

A second requirement for the representation of indicator populations is the specification of the spatial
area from which the population is drawn. In theory, it is an entire city, but in practice it may be drawn
from a larger or smaller area. Changes in spatial extent can be due to administrative changes such
as amalgamation of cities, villages, etc., splitting of cities into more than one city, or can be due to a
decision to not measure the city’s entire population, but focus on a sub-area within the city. Whenever
the spatial extent of a city changes, a new individual has to be created to represent the new version of
that city.

3 3 3 ar atis ; a physical
arga by a place name (toponym), and the second by geo-spatial location. Toponyms can not-only identify
cities, but are used to identify any type of place, including villages, neighbourhoods, parks, puildings,
hills, hospitals, and schools. But with the toponym approach, there is an additional requifement to
unliquely identify a place. Names of cities are often duplicated throughout the woxld. How ¢lo people
krjow that when people refer to Toronto, that it is the Toronto in Ontario, or the’ Toronto ih Ohio or
Cqlifornia? The semantic web provides a solution, namely each city or town_of Foronto has ap IRI that
urjiquely identifies it. For example, the UK’s Ordnance Survey maintains,a‘régistry of placepamesl28l.
Gdonames[32] is both a web site and a namespace. It contains over ten millien place names, eafh having
a finique IRI. For example, the geoname International Resource Identifier (IRI) for the City of Toronto,
Ontario is http://www.geonames.org/6167865. The Ordnance Survey registry IRIs are linKed to the
Gdqonames using the OWL sameAs property, enabling the use of multiple IRIs to refer to the same place.

T} C VWU Ppplu C l" iytme l'll-' 9, i CXLC C i l‘

The root class of the Geonames ontology is the Feature. It contains a number of properties, in¢luding:
—| featureCode: identifies the types of place, including:
— A: Country, state, region, ...;

— H: Stream, lake, ...;

— L: Parks, area, ...;

— P: City, village, ..,;

— R:Road, railroad, ...;

— S: Spot, building, farmy;™..;

— T: Mountain, hjll, rock, ...;;

— U: Undersea;V: Forest, heath, ...

For example, P.PPLA is the feature code for a “seat of a first order administrative division/J’

—| parentCountry: identifies the code of the country where the place is located in, ag given in
[SO.3166 (all parts).

— (wgs84_pos:lat and wgs84_pos:long: identifies the latitude and longitude of the place jusing the
Wgs84_pos properties.

In parallel with the development of geonames, the Schema.org taxonomy has been developed to tag
web page content with associated classes and properties, thereby making it easier for search engines to
index content. Schema.org provides a rich set of place related classes, e.g., City, State, Airport, Mountain,
that can be used to extend geoname Features. This is accomplished by making a specific IRI for a place
like Toronto an instance (type) of a schema.org class such as City.

The second method of identifying the spatial extent of a population is to specify its geospatial location.
This can be accomplished by specifying a polygon whose vertices are specified as latitude and longitude.
A number of geometry ontologies exist, including ISO 19107(é], that provide for the representation of
geometric classes such as Point, Line, Circle, and Polygon, and relating them using properties such as
intersects, overlaps, contains, and disjoint. Place names can be integrated with geospatial information
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by making a specific place name an instance (type) of Polygon. The place name can be associated
with the geospatial polygon that bounds the city, and relate it to other place names using geometry
properties to other place names.

Figure 14 depicts the integration of both place name and geo-spatial information with Population. The
property located_in is added to Population to specify both the IRI of the place name and its spatial
geometry.

10.2.3 T

A third r
period ovj
by startiry
the studg

Population

located

defingd_by

O
owl:Thing \\Q/

Figure 14 — Integration of spatial @nt
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erlaps and during@

ition of a Po (Ié?on is extended by adding the property for_time_interval. The range of
is a DateTi@'ﬂ erval that specifies the start and end date/times for the Population. Figure
is addition!

S
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2

Population
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nt population may have been drawn(Cin 2012 and the denominator, teacher populati]n,

-Time ontology(2¢] satisfj ese requirements. It provides for the representation of time

as
or

h,
as

can be used to link and reason over the temporal points and intervalls.

he
15

for_time_

definkd_by interval

time:DateTime

owl:Thing Interval

Figure 15 — Integration of temporal extent
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10.2.4 Measured variable

The fourth requirement for populations is the representation of the parameter/statistic being
measured. The student/teacher ratio indicator is based on a measure of the number of students and
teachers within a population designated by a city (Placename). One can view both as a statistical
measurement in the sense that there is a population to be measured, namely a city population, and the
number of members is counted that satisfy a description of a student and a teacher, respectively. While
the student/teacher ratio requires a count of the population, other indicators may require statistical
measures of mean, deviation, etc. of other characteristics of the population.

FiM’ i TSt uring the
cardinality of the Population and the sum, mean and standard deviation of a property overythejmembers

of[the Population. Sum, Mean, Standard_deviation and Cardinality are subclasses of Rarameter. They
hgve a reverse link back to Population, and a forward link, parameter_of_var, to the,Vafiablg they are
measuring (except for Cardinality).

— Cardinality parameter links back to the Population using cardinality_of,
—{ Sum parameter links back using the sum_of property,

—{ Mean parameter links back using the mean_of property,

—| Standard_deviation links back using the std_of property.

Variable contains the property has_Name that identifies theproperty contained in the class thpat defines
membership in the Population, i.e., the value of the defined_by property. Due to limitations pf DL, the
value of has_Name is a string and not the actual property:
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sum_of

is_
X described_by
Population Parameter

cardinality_of

Cardinality Sum
is_p;th_of

is_an_estimate_of

is_
described_by .
Sample Statistic

is_composed_of

v
. anmple_
Observation SE::‘EZI:— \\ standard_
deviation
is_fa

charactdristic_of

Variable

parameter_of_var

_l> rdfs:subClassOf

—> "an object property"
Figure 16 — GovStat extensions

Parametdr linksia the parameter_of var property to a Variable which specifies the variable/ddta
property [that is,to be summed, averaged, etc. across the members of the Population. Variable has a d4ta
property|hasiName that specifies the variable/property over which the parameter is computed. It} is
specifiedlasd string since a property cannot be a value of another property in Protégé’s version of OWL
(i-e., not full DL).

Each subclass of Parameter inherits the parameter_of_var property that links it to the variable (data
property) of the members of the population for which the calculation is being performed (i.e., sum,
mean, etc.).

Figure 17 depicts the integration of the Parameter Sum with Population, and the Variable over which
the Sum is performed.
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